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ABSTRACT

A global climatology of the altitude of the freezing level (0°C isotherm) is computed using 20 yr of 6-hourly
output from the National Centers for Environmental Prediction (NCEP) reanalysis system. Mean statistics dis-
cussed include monthly means and climatological monthly means. Variance statistics include the standard de-
viation of the 6-hourly values with the month and the standard deviation of the monthly means. In the Tropics,
freezing levels are highest (~5000 m) and both intramonth and interannual variability islowest. Freezing levels
are lower and variability is higher in the subtropics and midlatitudes. In 1998 there are unusually high freezing
levels in the eastern Pacific Ocean relative to the 20-yr climatology, consistent with elevated sea surface tem-
peratures associated with the 1997-98 El Nifio. Freezing levels return to near-climatological values during the
last half of 1998. The individual monthly means for 1998 and the 20-yr climatology are compared with monthly
means of the altitude of the bright band (melting layer) retrieved from Tropical Rainfall Measuring Mission
(TRMM) precipitation radar data. Differences between TRMM and NCEP typically range from about —300 to
—900 m. Differences are somewhat larger over landmasses and in zonal bands centered on *=20° latitude.

1. Introduction

The Tropical Rainfall Measuring Mission (TRMM)
is a joint endeavor by the National Aeronautics and
Space Administration (NASA) and the Japanese Na-
tional Space Development Agency to measure precip-
itation in the Tropics, especially over the oceans where
data are sparsest (Simpson et al. 1988). The TRMM
satellite carries five instruments, two of which are di-
rectly related to this research: the TRMM precipitation
radar (PR) and the TRMM Microwave Imager (TMI;
Kummerow et al. 1998). The mission was designed so
that combine data from multiple instruments could be
used to produce better estimates of physical parameters
than could be created by a single sensor alone (Wilheit
1986; Tesmer and Wilheit 1998).

Passive microwave instruments like the TMI are like-
ly to be one of the primary methods for estimating glob-
al precipitation for many years to come. Because of the
differing radiative properties of rain and frozen precip-
itation, passive microwave retrieval algorithms gener-
ally require the altitude of the atmospheric freezing level
as input (Wilheit and Chang 1977; Shin et al. 1990;
Tesmer and Wilheit 1998). Because melting precipita-
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tion in stratiform rain produces a distinct signal in radar
data (the ““bright band’), the PR can be used to make
direct observations of the melting layer height. This
information can be used to improve the coincident TMI
rainfall retrievals.

Radar meteorologists use the term ““melting layer”
to describe the region (up to several hundred meters
thick) just below the 0°C isotherm where the bright band
appears. Conversely, much of the microwave rainfall
retrieval research uses the aviation term *‘freezing
level” for the location of the 0°C isotherm. To avoid
confusion, this study will denote the altitude of the 0°C
isotherm with the symbol Z,, while the center of the
bright band (the level of maximum radar reflectivity)
will be referred to as H,, (Fig. 1). According to Houze
(1997) the bright band occurs exclusively in stratiform
precipitation and istypically found in stratiform regions
associated with convective cells. Frozen hydrometeors
falling through the melting level create the bright band
feature in PR data. Melting does not occur instanta-
neously, due to the snowflake aggregates melting from
the outsidein (Austin and Bemis 1950; Leary and Houze
1979). The atitude difference between H, and Z, has
been shown to vary substantially, depending on atmo-
spheric conditions and geographical location. Bright-
band and freezing-level heights presented in Austin and
Bermis (1950) from observations made in Cambridge,
Massachusetts, had a mean brightband altitude of 3.3
km, while the mean difference (H, — Z,) was —300 m.
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Fic. 1. Schematic cross section through tropical convection showing the altitude of the 0°C
isotherm and the melting layer (bright band) in the stratiform rain region (after Leary and Houze

1979).

Stewart et al. (1984) found the bright band to be about
300 m lower than the freezing level in stratiform pre-
cipitation in a maritime-type system in California. In
studying five tropical thunderstorm cases during the
Global Atmospheric Research Program (GARP) Atlan-
tic Tropical Experiment (GATE), Leary and Houze
(1979) found a mean H, of 4.5 km, and a difference
ranging from —500 to —900 m. Thus, the identification
of H, in radar data is an indirect measure, with some
difference expected due to the melting time, of the al-
titude of Z,.

In order to have H, estimates for parts of the TMI
swath not coincident with the PR, and for passive mi-
crowave instruments on other platforms, Shin et al.
(2000, hereafter SNB) produced a climatology of PR
profiles and brightband altitudes for all PR nadir pro-
filesthat contain a distinct bright band. SNB examined
13 months of PR data from January 1998 to January
1999.

In order to evaluate global patterns of brightband al-
titudes and verify the relationship between brightband
atitude and temperature, this study compares the
TRMM melting-layer atitude estimates of Shin et al.
with the altitude of the 0°C isotherm in the National
Centers for Environmental Prediction (NCEP) reanal-
ysis dataset. Because the NCEP reanalysis does not use
any TRMM data, the NCEP temperature profiles can be
used as an independent, consistency check on the
TRMM reflectivity profiles. Conversely, the TRMM ra-
dar has high vertical resolution, and the brightband al-
titude is essentially an absolute measurement. That is,
it depends primarily on timing accuracy within the radar
and relative (not absolute) reflectivity measurements.
Thus, the TRMM brightband altitudes can provide a

cross-check of NCEP temperature measurements over
large regions of the tropical oceans where temperature
is not measured directly. It is important to remember,
however, that Z, and H, are not the same physical quan-
tity. In addition to the difference between Z, and H,
dueto the time required for frozen precipitation particles
to melt while falling, the PR melting-layer altitudes are
local measurements within a single PR field of view,
while the NCEP freezing-level altitude is an average
over a2.5° X 2.5° longitude-latitude box. If the TRMM
data can be shown to correspond closely to the NCEP
temperature analyses, then the much longer record of
NCEP data can be used to estimate certain climate sta-
tistics, such as interannual variability of the brightband
altitude. This study provides a cross-validation of the
TRMM precipitation profiles and the NCEP global tem-
perature analysis, and a look at interannual variability
in the tropical temperature field.

2. Data and methods
a. NCEP freezing-level data

NCEP reanalysis data are used to calcul ate the freez-
ing-level climatology presented in this study. We use
the 20-yr period from 1979 to 1998. The reanalysis
methods and data are described in Kalhay et al. (1996).
The data are archived every 6 h on a 144 X 73 (2.5°
X 2.5°) latitude-longitude grid, with 17 pressure levels
in the vertical (Ap ~ 100 kPain the region of interest).

Here Z, is determined for each 6-h snapshot by re-
verse interpolation of the temperature profile at each
horizontal grid point to find the geopotential height of
the 0°C isotherm. Both temperature and geopotential
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Fic. 2. Instantaneous Z, fields for 0000 UTC on 1 Jan and 1 Jul 1998. Contours are drawn at
0, 1000, 2000, 3000, 4000, 4500, 5000, 5500, and 6000 m. Regions with missing data (T < 0°C

through the entire column) are not contoured.

height are classed as ** A"’ variables (most influenced by
observations, Kalnay et al. 1996). The algorithm checks
for zero crossings in the temperature profile between
1000 and 200 hPa. If a single zero crossing exists, its
atitude is taken as the freezing level. Two additional
special cases need to be considered: no zero crossings
(T < 0°C throughout the entire profile) and multiple
zero crossings due temperature inversions. In the case
where T < 0°C throughout the column, the freezing
level is flagged as missing. In the case of multiple zero
crossings, those locations are flagged and only the low-
est Z, value is stored. Locations with multiple Z, oc-
currences account for less than 1% of the profiles over-
al, with no occurrences of multiple Z,'s within 10° of
the equator. The largest number of multiple Z,'sisfound
in the high latitudes (around 60°) where they occur about
4% of the time.

The mean, variance, and standard deviation are cal-
culated for each month from the 6-hourly values.
Monthly means are indicated by overbars, for example,
Z,. The intramonth variance v, is calculated as the
mean-squared deviation of the 6-hourly values from the
monthly mean

vy = Zo?, D
where
Zy=2,— 2, )
The standard deviation is
$ = Vo, 3

Climatological monthly means and standard devia-
tions are computed from the monthly means. The cli-
matological monthly mean (Z,) is the mean of the 20
monthly means for each calendar month. The climato-
logical variance V, is given by

Vo = (Z?), (4)
where
Z,' = Z, = (Z,), (5)
and the standard deviation is
S = VW )

For direct comparisons with TRMM the NCEP Z,
data are averaged over the same 10° X 10° boxes as the
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Fic. 3. Monthly mean Z, fields for Jan and Jul 1998. Each monthly mean map represents the
mean of ~120 instantaneous Z, fields. To show more detail in the Tropics, where Z, is smooth,
contours are drawn at 0, 1000, 2000, 3000, 4000, 4500, 4750, 5000, 5250, 5500, and 6000 m.

TRMM data (see below). Additionally, zonal means are
indicated by sgquare brackets, for example, [Z,] is the
zonal mean of the monthly mean. To avoid biased
means, a mean is treated as missing if any of the values
used to compute the mean are missing.

b. TRMM precipitation radar data

The melting-layer altitude data consist of values re-
trieved from TSDIS level-1 PR reflectivity data. To de-
termine H,, the retrieval algorithm uses only the nadir
ray from each scan. This strategy was chosen for two
reasons. the nadir ray looks straight down on precipi-
tation targets, eliminating angled views through the
sides of storms, and the nadir ray has a ‘‘mirror” re-
flectivity image that can be used to improve the retriev-
as. Dueto strong surface reflectivity signal's, databel ow
1.5-km altitude are excluded from the agorithm. All
available H, estimates for each month are averaged
within 10° X 10° latitude—l ongitude boxes between 35°S
and 35°N. Details of the methods and results can be
found in SNB.

3. Results
a. Instantaneous values

Two sample maps of Z, are shown in Fig. 2 for op-
posite seasons (1 January and 1 July 1998). While the
patterns are largely zonal, gradients in the Northern
Hemisphere (NH) winter are generally stronger off the
east coasts of the continents. Gradients in the eastern
ocean basins are weaker. Between 15°S and 15°N the
pattern is flat and roughly zonally symmetric. The ab-
sence of isopleths over the NH continents indicates that
below-freezing temperatures exist throughout the col-
umn at the analysis time.

In July the NH continents are warmer, and freezing
levels are well above the surface. The highest values
occur within a closed 5500-m feature over Indiaand the
Himalaya. Gradients in the Southern Hemisphere (SH)
are somewhat stronger in the winter than in summer,
especially over Australia and the Indian Ocean.

b. Monthly means

Two sample maps of Z, are shown in Fig. 3 for op-
posite seasons (January and July 1998). As expected,
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Fic. 4. Intramonth standard deviation s, for Jan and Jul 1998. Contours are drawn at 0, 25, 50,
75, 100, 200, 300, 400, and 500 m. Darker areas have less variability.

the monthly means are smoother and more zonally sym-
metric than the instantaneous maps. In the Tropics the
Z, field is flat and approximately symmetric about the
equator with typical Z, values of about 5000 m. Sub-
tropical gradients are clearly greater in the winter hemi-
sphere. In July there is a prominent region of high Z,
from the eastern Mediterranean Sea across the Indian
subcontinent and the Himalaya into Southeast Asia.

c. Intramonth standard deviation

The intramonth standard deviation s, is shown in Fig.
4 for January and July 1998. The pattern is generally
the reverse of the monthly means, with lowest values
in the Tropics and largest values in midlatitudes. In the
Tropics s, is generally less than 200 m. This increases
from 400 to 500 m across anarrow zone located between
20° and 30° latitude. Somewhat greater variability is
found over the NH continents during summer.

d. Climatological monthly means

Figure 5 shows the climatological monthly mean
freezing-level altitude(Z,) for the middle month of each
season (January, April, July, and October). The maps
are al generally similar. Freezing-level heights in the
Tropics are nearly uniform between about 4500 and

5000 m. There is aweak minimum at the equator in the
western Pacific. The subtropical gradients are generally
larger in the winter hemisphere. The highest heights are
found over southern Asia during the NH summer.

e. Interannual variability of monthly means

The standard deviation of the monthly mean S, is
shown in Fig. 6 for January and July. As with the
6-hourly standard deviations (Fig. 4), the variability is
generally lower in the Tropics (75100 m) and larger
in the subtropics and midlatitudes (200—400 m).

f. Zonal means

Climatological monthly mean zonal mean cross sec-
tions are shown in Fig. 7 for four months. The field is
generally flat in the Tropics and variability is small. A
dlight minimum on the SH side of the equator is ap-
parent. The transition to lower heights and greater var-
iability occurs between 20° and 30° latitude.

g. Anomalies for 1998

The deviations of the monthly means for 1998 from
the climatological monthly means, Z,’, are shown in
Fig. 8 for selected months. There are substantial positive
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FiG. 5. Climatological monthly mean (Z,) fields for Jan, Apr, Jul, and Oct 1979-98. Contours
are drawn at 0, 1000, 2000, 3000, 4000, 4500, 4750, 5000, 5250, 5500, and 6000 m.

anomalies (i.e., values greater than the climatological monthly means (Fig. 6) indicating that early 1998 was
values) in the eastern Pacific from January to April (in- atypical by comparison to the 20-yr climatology. As-
cluding months not shown) that largely disappear in suming a tropical lapse rate on the order of 5 K km1,
June (see the July and October maps). These anomalies the freezing-level anomalies are consistent with changes
are large in comparison to the standard deviation of the in the surface temperature of 2-3 K, which is repre-
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Fic. 6. Interannual standard deviation S, for Jan and Jul 1979-98. Contours are drawn at 0, 25,
50, 75, 100, 200, 300, 400, and 500 m. Darker areas have less variability.

sentative of the magnitude of the surface warming in  h. TRMM—NCEP comparison

the eastern Pacific during the 1997-98 El Nifio. Sub- . L

tropical anomalies are also apparent, but they do not Differences between the Z, (NCEP) and H, (TRMM)
persist from one month to the next. The zonal-mean data are shown in Fig. 9. The NCEP data have been

anomalies for 1998 are discussed below. area-averaged onto the same grid as the TRMM data.
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FiG. 7. Climatological zonal mean cross sections of (Z,) for each month. The zonal mean of S, is plotted as error
bars. Missing data cause gaps outside the Tropics.
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Fic. 9. The 1998 mean difference [H,] — [Z,]. Regions of missing data are unshaded (white).

Due to considerable variability from month to month,
the result shown isthe average of all 12 months of 1998.
Also, due to the relatively low resolution of the grid
and the presence of missing data, the map is presented
using grayscale intensities rather than contours. The re-
gions of missing data (unshaded areas), which are most
obvious off the west coasts of continents in the sub-
tropics, are due either to a complete absence of TRMM
precipitation retrievals in that region (possibly due to
sampling), or to the absence of well-defined bright bands
in whatever precipitation was observed by TRMM. In
the Tropics Z, is never lower than H,,. In the individual
monthly means, midlatitude values of H, are occasion-
aly higher than Z,; these events are most likely due to
sampling error, as the NCEP values are the average of
al 6-hourly times within each month, while TRMM can
only measure H, during precipitation events. In the an-
nual mean H, is aways higher than Z,.

Average differencesin most locations are in the range
from —100 to —700 m. There is some tendency for
differencesto be larger over the continents. Thisis most
obvious over Africa. The reasons for this difference are
not clear. The other notable features are two relatively
narrow bands of larger differences centered at +20°
latitude. These can be seen more clearly in acomparison
of the zonal means. This difference could be due to
differences in the sampling patterns of the two datasets.
Because the TRMM can retrieve H, only when precip-
itation is present, it may bias the results toward cooler
temperature regimes. Additionally, the presence of the
convection itself may modify the local temperature pro-
file, which would not be captured by the coarse-reso-
lution NCEP analysis.

Figure 10 shows the zonal means of NCEP and

TRMM monthly means for 1998 ([Z,] and [H,]) and
of the NCEP 20-yr climatology ([{Z,)]). Both [H,] and
[Z,] decrease during the year, consistent with the results
in SNB. During the first half of the year [Z,] is well
above the climatology ([(Z,)]), but by the last quarter
of the year, [Z,] has returned to climatological values.
The average difference between [H,] and [Z,] isaround
—600 m, while the range of the mean zonal difference
is from about —200 to —1000 m. The minimum dif-
ference between [H,] and [Z,] occurs in the SH from
February to May, when differences south of the equator
are amost always within —300 m. The largest differ-
ences occur in the winter hemisphere, where gaps on
the order of —800 to —1000 m occur around +20°.

Figure 11 shows[H,] — [Z,] for each month in 1998.
Early in the year, the difference is between —300 and
—900 m. Near the equator the differences are smaller
early in the year than they are later. The largest differ-
ences occur around *+20° |atitude, primarily in the win-
ter hemisphere, as was indicated in Fig. 9. Both Z, and
H, decreased during 1998, but time series plots (not
shown) did not reveal any significant trends in H, —
Z, through the year.

4. Discussion and conclusions

In this study aclimatology of the altitude of the freez-
ing level (0°C isotherm) in the NCEP global reanalysis
(Z,) is computed and compared with the altitude of the
bright band observed by the TRMM precipitation radar
(H,). NCEP freezing levels are computed from 20 yr
of 6-hourly assimilated temperature and geopotential
height fields on a global 2.5° X 2.5° latitude— ongitude
grid. The TRMM PR dataset was developed by SNB
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1998.

and consists of the monthly mean of H, retrievals for
1998 area-averaged over 10° X 10° longitude-latitude
boxes between +35° |atitude. For direct comparison of
the two datasets, the NCEP data are area averaged onto
the same 10° X 10° grid as the PR data. In order to
study the structure and variability of Z,, the following
statistics are computed: monthly means (Z,), climato-
logical monthly means ({Z,)), monthly anomalies (Z,
— (Z,)), intramonth standard deviations of the instan-
taneous Z, values (s,), and standard deviations of the
monthly means (S,).

The instantaneous Z,, field has a complex appearance,
related to the structure of the temperature field, which
isclosely tied to the weather. Averaging over timeyields
smoother fields for Z, and (Z,). The Z, and (Z,) anal-
yses (Figs. 3, 5, and 7) reveal that Z, is highest in the

Tropics (~4900 m), with a relatively flat, symmetric
distribution around the equator. The magnitude of Z,
decreases rapidly poleward of 25°N or 25°S. The s, and
S, analyses (Figs. 4 and 6) show that the lowest vari-
ability (~75-100 m) occurs in the Tropics. Variability
increases poleward, peaking in midlatitudes at about 400
m.

Zonal means[Z,] of the 1979-98 climatol ogy exhibit
aflat distribution of Z, in the Tropics. Values decrease
rapidly in the subtropics, with most rapid change oc-
curring across the midlatitudes. L owest values are found
in higher latitudes, as expected. The zonal s, error bars
indicate lower variability around the equator, with in-
creasing variability toward the poles, independent of
season or hemisphere.

The 1998 monthly anomalies (Figs. 8 and 10) are
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amost exclusively positive, indicating that 1998 is
warmer than the 20-yr climatology. During the first half
of 1998, large, persistent, positive anomalies are present
in the eastern tropical Pacific. The anomalies are larger
than the standard deviation of the 20 yr of monthly
means. As the year progresses, the anomalies gradually
diminish. The magnitude of the anomalies is consistent
with the observed sea surface temperature anomalies
associated with the 1997-98 El Nifio. Substantial anom-
alies are al'so seen in midlatitudes, but they are not per-
sistent from one month to the next. On a global scale,
positive Z, anomalies are linked to increasing planetary
temperatures. This is consistent with Diaz and Graham
(1996), who found a strong link between observed
changes in freezing-level heights, the long-term (de-
cadal scale) increase in tropical sea surface tempera-

tures, and enhancement of the tropical hydrological cy-
cle.

Estimates of H, from the TRMM PR data (SNB) are
compared with the 20-yr NCEP climatology and the
1998 monthly data. In the difference maps, missing data
substantially hamper the analysis. Missing data in the
Tropics are generally due to the absence of TRMM re-
trievals of H,. This can result from an absence of pre-
cipitation, TRMM sampling that misses precipitation,
or the absence of well-defined bright bands in the
TRMM profiles. Missing data in midlatitudes can aso
be due to the presence of below 0°C temperatures
throughout the vertical column. Since the PR is depen-
dent on the presence of rain to gather data, H, is biased
toward ‘‘rainy”’ conditions.

The 1998 mean-difference (Fig. 9) map is noisy but
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shows that the difference between H, and Z, is nearly
always positive. Differences appear to be larger over
the continents and in two zonal bands at +=20° |atitude.
The differences found here are similar to those from
previous studies of tropical precipitation, but larger than
what is typically seen in midlatitudes. For example, the
values found here are larger than those in Austin and
Bemis (1950) and Stewart et al. (1984). Austin and Be-
mis (1950) found a mean difference between the altitude
of the 0°C isotherm and the bright band of about —300
m in various types of precipitation in Massachusetts,
while Stewart et al. (1984) noted a difference of about
—300 min stratiform rain in California. The differences
found in thisresearch, however, are similar to the values
in Leary and Houze (1979), who found a difference of
—500 to —900 m in GATE convection. Generally, val-
ues range from a minimum mean difference over the
oceans of about —300 m to a maximum mean, difference
of up to around —900 m over continental areas and in
the latitude bands at 20°N and 20°S. In the Tropics, the
mean difference between H, and Z, is on the order of
—600 m, with variability depending on season and ge-
ography.

In the zonal-mean difference comparisons (Figs. 10
and 11) the similarity in shape of the two curves, [Z,]
and [H,], is seen. Both [Z,] and [H,] decrease through
the year, with [Z,] returning to climatological values
from the positive anomalies present in the first part of
1998. The changes in [Z,] and [H,] are likely due to
the waning of the strong EI Nifio of 1997—98. Thisevent
raised sea surface temperatures over the Pacific Ocean
significantly in the first half of the year, while the en-
suing La Nifia dramatically reduced SSTs in the eastern
Pacific in the second half of the year.

It appears that the procedure developed by SNB for
estimating the ‘““freezing level”’ via the melting-layer
height is reasonable; it compares well to the NCEP
freezing-level climatology and the monthly mean data.
Because of the differencesin the emission and scattering
properties of rain and frozen precipitation, these datasets
should be useful for devel oping microwave preci pitation
retrieval algorithms. Because the TRMM PR H, data
currently span only 13 months, the NCEP dataare useful
for estimating the interannual variability from the 20-
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yr climatology. As aresult of the 1997-98 El Nifo, the
first year of TRMM data is certainly unusua from a
climatic perspective.
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